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A. GENERAL: 
CHAPTER I 
INTRODUCTION 
1 
Developments in the production, distribution and control 
of electrical energy depend very largely on the correct knowl­
edge and understanding of the laws representing the relation 
of electric current to magnetism. 
. -
Modern developments in electrical engineering, particu-
larly in the areas of electronic systems, communication 
equipment like telephones, electrical machinery, and magnetic 
amplifiers, make it imperative that the study of the behavior 
of materials under varying magnetic induction be accomplished 
thoroughly. A detailed study enables one to predict the 
performance of circuits under extreme test conditions. 
Although some recently discovered alloys have permea­
bilities greater than iron, their uses in magnetic circuits 
are restricted to limited and special fields. Various types 
of electrical power apparatus like a-c and d-c machines and 
transfor�ers �se mainly iron or. steel in the ma·gnetic circuits.­
Therefore, it becomes very necessary to study the magnetization 
characteristic of the materials which comprise the magnetic 
circuits. 
The design of magnetic circuits can be materially assisted 
by being able to explain and express the relation between 
electric current and magnetism by means of equations. 
2 
The high utilization of the materials in modern large 
electrical apparatus leads to extensive saturation in parts of 
the magnetic circuits. Linear methods to find the magnetic 
field distribution in such electrical apparatus are not 
entirely satisfactory. So, the emergent importance of the, 
magnetization characteristics of materials, both experimental 
and approximate, is to be observed.3 
In the study of the charac�eristic of any material for 
engineering purposes, it should be explicitly understood that 
the first results must be obtained by measurement. Further, in 
the discussion of the behavior of materials under different 
· magnetic potential, it often occurs that the entire curve has 
to be predicted. It may be possible to have an experimentally 
obtained B-H curve at hand, but problems arise where such an 
experimentally obtained characteristic is inadequate and often 
unsuitable. 
It is emphasized here that magnetization curves are 
' . . 8 
achieved only by experimental measurement. In normal design 
practice, -graphs of the B-H characteristics of the different 
components used i·n the magnetic circuit are used or a detailed 
tabulation of magnetizing force·s corresponding to definite 
values of Bis at hand. The relationship between the magnetic 
flux density B and the magnetizing force H is the well-known 
hysteresis loop, and in most materials, this loop is rather 
thin. It often happens in practice that values of flux· 
3 
densities. in the magnetic circuit have to be interpolated at 
different values of field strengths. Hence, it becomes 
imperative that before a component part of a system is studied 
in detail for performance under different operating conditions, 
its B-H curves, as well as virgin magnetization curves, are to 
be conveniently represented by empirical formulae. 
If it is possible to substitute a given empirical magneti­
zation curve with sufficient ac�uracy -by a curve of a simple 
algebraic or transcendental function, statements and conclu­
sions are often possible which are not limited to a special 
case. _By substitution, the calculation of a single case can 
·be obviously simplified. 
B. REVIEW OF LITERATURE: 
This topic of representation of magnetic characteristics 
by functions attracted the attention of quite a few scientists. 
The importance of the representation of the curves by algebraic 
curves was manifest as long ago as 1897. 
Raleigh2 did some basic work on this topic. The 
hysteresis loop has at a very s_mall magnetic excitation the 
figure of an inclined ·lancet. · Raleigh, after some investiga­
tion, suggested that the loop be represented by polynomials of 
the second degree. He also made some statements which are 
valid for the loop till it reached saturation. If, however, 
the hysteresis loop stretches to the range of saturation and 
4 
beyond, this algebraic expression varies over a wide range from 
the experimental curve.
9 
Later, in 1897, Fro-elich
15 made a notable contribution to 
this topic. He determined experimentally that the magnetiza­
tion curves of iron and steel may be approximately represented 
by an equation of the form: 
aH 
B = b + H 
Here a and b are constants whicb differ for each type of 
experimental magnetization curve approximated. The above 
(1) 
equation by Froelich is obviously the equation of a rectangular 
hyperbola. This equation is empirical in nature. It should 
-be noted that Froelich's equation applies only for positive 
values of H. In Figure (1.1) both the experimental curve and 
Froelich's approximated curve are shown. 
It is noted from a study of Figure (1.1) that the approxi­
mated curve does not apply to the extreme upper or lower ends 
of the experimental curve, but it is a fairly close approxima­
tion for the part of the magnetization characteristic which is 
in greatest use. 
For the next 40.years, F�oelich's equation was accepted 
as the most reliable expression representing the relation of 
magnetizing force to the magnetic induction produced thereby 
·in a ferromagnetic material. Gokhale
1 
pointed out that 
Froelich's equation was not reliable at and near saturation. 
From his study, it was found that ·the law was not suitable, as 
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10 
. 5 
it was generally believed to be, particularly for computation 
of values near saturation. Gokhale proposed an equation that 
closely.reproduces the measured experimental data about that 
part of the magnetization curve above maximum permeability 
near and over saturation. From a mass of experimental data, 
Gokhale showed that for computation of values near saturation 
the equation mentioned below was adequate. 
B-H = S(l - be
-aH
) (2) 
where a and.b are constants 
S = saturation value of intrinsic flux density 
But, this modified formula of Gokhale does not represent 
the entire magnetization curve. 
2 Barton made another contri-
bution by obtaining the following empirical equation 
experimentally: 
o( 
f, = PB 
B = intrinsic flux density 
P and ol are constants 
� =·intrinsic permeability 
This-also suffered from the same shortcomings as the 
others mentioned-above. 
(3) 
It may be observed here that all the above formulae have 
to be distinctly matched and the constants of each of these 
curves have to be evaluated by guesswork and trial and error 
methods. It is obvious that it is tedious to evaluate the 
constants from experimental data.· 
6 
During the next 35 years little or no advancement was 
made on this topic. 
? 
Erdelyi, Ahamed and. Burtness
10 
introduced the concept of 
using the computer as a tool in obtaining an approximation for 
the magnetization characteristic to a remarkable degree of 
accuracy. The well-known Froelich's equation was selected by 
the authors and they have stated that the approximated curve 
compares well with the experimental one in a limited region 
from origin to just beyond the knee. However, they noted that 
for large values of magnetic induction, Froelich's equation 
leads.to negative value of permeability, i. e. , slope. The 
authors just directed attention to a new trend in calculating 
the constants of the approximation curve with the help of a 
computer. The article did not, however, delineate the mode of 
the computer program or its usage. They also stated that 
replacing the magnetization characteristics by an algebraic 
function allows reasonably accurate quantitative determination 
of the flux distribution. 
The 'latest �tudy on· this .topic under investigation was by 
Trutt, E�delyi and Hopkins.
8 
This article is of considerable 
interest, since the authors decided to break the entire mag­
netization characteristic from origin to saturation into a 
convenient number of parts and strive to represent each one of 
these parts on the computer by feeding in the points and also 
their slope. The authors of the article (8) contend that for 
8 
a satisfactory fit, the B-H characteristic has to be subdivided 
into several parts. The method of linear interpolation is then 
employed and a computer program is used to accomplish this 
work. -It is further stated that the core storage necessary 
for the linear interpolation is only slightly greater than. that 
necessary for single function approximation. The authors con­
clude that the computing time is slightly less than by the use 
of Froelich's curve, and the merit factor is appreciably better 
(see Appendix 1). 
This latest method of approximation is without doubt a 
new innovation in the techniques used for approximation. 
Erdelyi stated that the equation8 
n m H = a + a1B + a B + a B o n m (4) 
is very adaptive. The constants, it is stated, can be deter­
mined by curve fitting methods. They further stated that the 
figure of merit is of the order of 0.01 for some materials. 
This statement from the article spurred interest in using 
the above _equation.for approximation with a digital computer. 
C. AIM OF THE THESIS: 
This dissertation undertakes some c�itical investigations 
of the magnetization curves of electrical sheet steels and 
their analytical approximations. 
Practically all of the work done by these authors has 
been in the region between the knee and saturation leaving that 
part of the B-H curve below the knee without a satisfactory 
9 
analytical expression. All the work previously done was mostly 
obtained by tedious calculations, and the ingenuity of the 
investigators. 
One of the main purposes of this study is to represent the_ 
magnetization characteristic covering the curve from its origin 
to the saturation point including the knee portion of the 
curve. 
The analytical study and �etailed investigation of the 
behavior of the approximated magnetization characteristics of 
various types of sheet steel was accomplished with the help of 
an IBM 360 computer, and a detailed program to do this is 
explained. Repre·sentative curves were used and approximated 
and the results are tabulated and explained. This paper is 
one more effort towards simplifying the approximation of 
magnetization characteristic technique. The computer program 
present�d in this paper is rather innovative in the sense that 
in it a convenient number of points are read from the experi­
mental curve and e·ntered as data. The computer evaluates the 
constants, and t_he progr'am provides that the coordinates of a 
. . 
considerable number .of points on the approximated curve are 
printed. The program checks to determine whether there is any 
error in the various computations of the program. · This pro_gram 
helps to a considerable extent the evaluation of the flux 
density for any value -of the magnetizing force. 
10 
As an extension to this approximation of the magnetization, 
a computer program was prepared to take into consideration the 
distribution of magnetiz_ing forces in a magnetic circuit 
consisting of a steel core with an air gap. Succinctly 
written, this extension of the computer program employs the 
. approximated magnetization curve and computes the flux density 
in the air gap and core, as also the magnetizing forces in 
these regions; given the amp-turns of _the coil around the 
magnetic core and also the length of the air gap. This exten­
sion is particularly suited in communication engineering like 
in telephones, as also in delicate measuring instruments and 
magnetic amplifiers, since the design engineers can have all 
the results connected with a certain magnetic material at 
6 hand. 
During the course of this exposition, attention is often 
drawn to- characteristic peculiarities of the approximated 
curves near saturation. 
The experimental curves used to demonstrate the approxi­
mations in this dissertation were obtained from the Electrical 
Steel Sheets, Engineering Manual, 4th Edition of United States 
· . 14 
Steel, Pi ttsbur·gh, Pennsylvania. The curves entirely 
describe different types of electrical sheet steel with 
different percentages of silicon. 
CHAPTER II 
11 
Before proceeding to the approximation of the magnetiza­
tion curve and its allied computer programs, the terms 
associated with the B-H curve and the procedure for obtaining 
the B-H curve are briefly described. 
Stated symbolically, the primary subject of this 
investigation is the oft repeated familiar equation 
B = f(H) 
wherein B = magnetic flux density 
H = magnetizing force 
(5) 
Prior to determining a suitable representation of the 
magnetization characteristic of different materials, it would 
be well to have a concise knowledge of B-H curves and their 
origins and use. 
The history of magnetic phenomena began with magnetic ore 
discoveries that disclosed a force action between pieces of 
ore. Since a part of these ores are believed to have been 
discovered in what was known as Magnesia, a part of Asia Minor; 
they were given.a name equivalent to the English word "mag­
net. " Relatively no progress was made in the realms of 
magnetism until 1819 when -the famed Danish physicist Hans 
Christian Oersted discovered ·experimentally that a magnetic 
needle was deflected by a current in a wire passed over or 
12 
below it .• 
5 In 1831, he .formulated the basic laws underlying 
the phenomenon of electro-magnetic induction upon which is 
based the operation of most commercial apparatus like motors, 
generators, transformers and magnetic amplifiers. 
To enumerate all the terms associated with the magnetic 
circuit, a toroid is considered. A toroid is a volume gen­
erated by the revolution of any closed plane curve as shown 
in the Figure (2. 1) about an axis outside its boundary. Let 
this toroid be wound uniformly with N closely spaced turns. 
A battery and a variable resistor are connected in series as 
shown_, causing a current I to flow :i.n the circuit. 
Variable 
Battery Resistor 
e I 
turns 
Figure (2.1) A Toroid Wound with N Closely Spaced 
Turns and Variable Excitation 
13 
The effect of the applied electric field on the iron 
toroid is explained as follows. A micro-photograph of a piece 
of iron shows it to be made up of random-sized grains.12 
These grains are, in turn, made up of molecules, as seen in the 
Figure (2. 2). These molecules may be looked upon as tiny mag­
nets. To magnetize a piece of iron, these tiny magnets must 
be forced to line up with the magnetic field. To do this, work 
must be done. Perhaps th� question may cross your mind as to 
what happens when a piece of magnetic material is placed in an 
electric field. The phenomenon is termed as paramagnetism. 
Paramagnetism occurs in those substances in which the indi­
vidual molecules possess a permanent magnetic dipole moment.· 
When there is no external magnetic field, the individual 
dipoles point in all directions, and the material has no resul­
tant magnetic field. But, when an external magnetic field is 
applied to paramagnetic substances, the molecular dipole 
moments align themselves with the field and thus strengthen 
the field. In most paramagnetic substances, the effect is 
slight, but there is one group of paramagnetic materials known­
as ferromagnetics in which the effect is enormous.
11 
Iron, 
steel, cobalt and nickel are the chief ferromagnetic materials. 
From this it can be noted that ferromagnetic materials are· 
best suited to study the magnetization characteristic. 
Before proceeding further with the explanation of the B-H 
curve, it is in order to explain all the terms associated 
233058 
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Figure· (2.2) Arrangement of Magnetic Dipol·es in Unmagnetized Iron 
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� 
with the magnetic circuit and the units employed throughout 
this text. 
A. DEFINITION OF TERMS: 
1. Magnetic Flux: 
Magnetic flux is equal to the total number of lines 
15 
of induction existing in a magnetic circuit. The symbol used 
is q,, and the C. G.S. unit of flux is the maxwell. One maxwell 
is equal to one line of force. The unit of magnetic flux in 
rationalized M. K. S. system is the weber (1 weber= 
108 maxwells) • 
. The value of the magnetic flux cp that occurs for a 
current I is dependent, as would be expected, upon I and also 
upon N, the number of times the current passes around the path 
of flux. This flux increases as the length of the toroid 
decreases. Expressed symbolically: 
¢ =A (Ni)A (6) 
/,<-.= proportionality constant called permeability 
A= area of cross -section of the magnetic core· 
1 = mean length of the magnet�c core. 
2. Permeability� 
Permeability of a substance may be defined as the ratio 
of flux in that substance -to the flux in air (strictly vacuum), 
while the m.m. f. and the geometry of the magnetic path are the 
same in both cases. The symbol i_s F • 
16 
This permeability JL = JLr µ,
0
, where JJ.-
r 
is the permea­
bility of the material under consideration and JLo is the 
permeability of air whic_h is unity in C.G. S. units and 
4 rrx 10-7 weber/meter-ampere-turn in rationalized M.K. S. 
units. In Part III of Appendix 2, rationalized M. K.S. units 
are used. 
3. Magnetic Flux Density: 
A magnetic field is u�ually considered as being made 
up of lines of force called flux lines or lines of induction. 
The number of lines of induction per unit area (area being 
measured in a plane perpendicular to the lines of induction) is 
a measure of the· strength of the magnetic field and is called 
flux density. The symbol is B and it is expressed in 
lines/cm
2
� 
In the C.G.S. system B is expressed in Gauss which is 
1 line/cm
2
• The values of B in graphs of Chapter V are 
expressed in Kilogauss. The unit of B in rationalized M.K.S. 
units is weber/m2 � 1 weber/m
2 
= 10-
4 
gauss. 
· B = (/) 
·A 
A =  cross-sectional · area of the toroid in sq. cm. 
¢ = magnetic flux in maxwell. 
4. Magnetizing Force: 
(?) 
Magnetizing force is defined as the magnetic potential 
drop per unit length of the m�gnetic circuit. The symbol is 
Hand is expressed in ampere-turns/meter. 
where 
H - !!!. - 1 
N = number of turns 
I= current in amperes 
17 
(8) 
1 = length of the magnetic circuit in meters. 
The unit of H used in the curves plotted in Chapter V is 
the Oersted. 
1 oersted = 79. 58 ampere-turns/meter. 
The following terms �re s ·ometimes used interchangeably with 
magnetizing force: field intensity, strength of field, magnetic 
intensity and field strength. 
B • . � Curve: 
Let the toroid be filled with a ferromagnetic material and 
be subjected to cyclic magnetization. As shown in.the Figure 
(2.3), when the magnetic field H is varied, the magnetic flux 
density B at first varies linearly, but as the values of H 
become appreciably high, the corresponding values of B become 
non-linear. In either case� the magnetic flux density is 
related to the magnetiz�ng force by the equation: 
B = ft., H (9) 
This equation de.fines f., ,. the permeability of the material, 
which is not constant but varies with B. Referring to the 
figure, as the previously·unmagnetized material is subjected to 
a gradually increasing field; _the induction increases along a 
curve OL. If now the field is gradually decreased, the curve 
�250 ·-?OO -l50 -100 
� 
N
a 
� 1.10 
i t 
........ 0 � 
L 
4% Silicon Iron 
(Stalloy) 
100 150 200 250 
-. H(ampere-turns/m) 
?8% Nickel Iron 
(Mumetal) 
50% Nickel Iron 
( Deltamax) 
Figure {2.3) Hysteresis Loops for Different Ferromagnetic Materials 
..... 
00 
19 
relating B and His not given by OL, but by another curve LMN 
as shown. 13 On increasing the value of H from N to L once 
more, the value of B increases along the curve NQL thereby 
tracing out a closed loop "LMNQL." It is to be noted that the . 
way in which B varies with H depends not only upon the value 
of the applied field, but also upon the previous changes which 
have taken place. This phenomenon is known as hysteresis and 
the curve is called the hysteresis lo�p. 
The initial curve ·oL is known as the magnetization curve 
or characteristic, and the permeability is defined by means of 
this curve. Curves giving the magnetization characteristic for 
various representative materials are shown in Figure (2. 5). 
These graphs are of particular interest as the subject of this 
investigation is the representation of the magnetization charac­
teristic of different magnetic materials with the help of the 
computer·. 
The nature of the relationship between B and H depends 
largely on the magnetic material and typical hysteresis loops 
for a number of magnetic materials are shown in._Figure (2.3). 
The typical magnetization· curve of a material as shown in 
the figures needs further exp1anation. In obtaining the curve 
for a ferrous material which has no residual magnetism, it is 
observed that, at the beg{nning of the curve, the magnetie 
flux density B increa$es with .H up to a limit, after which very 
large increases in H produce only a relatively small increase 
20 
in B. This limiting value is called the saturation induction 
and is denoted by B which varies from one material to another, 
s 
but is a constant for a given material at a constant tempera-
ture. -The region in which the slope changes rapidly as shown 
in the Figure (2.4) is the "knee" of the B-H curve. For values 
of H below the kne e  portio�, it is a reasonable approximation 
to assume that the permeability � and the slope dB/dH are 
constant and equal. 
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C. Experimental Set-Up to Obtain � Curve: 
22 
In order to obtain the B-H curves, as explained and shown 
above, the sample must be of such a shape that it is possible 
to measure both the magnetic field applied to the specimen and 
also the resulting magnetic induction. Hence, the specimen in 
the form of a toroid is wound with N turns of wire and a supply 
is connected across it. The typical experimental set-up is as 
shown schematically in Figure (2. 6 ). 
The upper circuit controls the magnetizing current through 
the winding on the toroidal specimen and the ballistic galva­
nometer measures the changes in flux from which the changes in 
induction can be calculated. 
The resistance R is used to vary the sensitivity of the 
instrument and the damping key K controls its motion. The 
lower standard solenoid circuit is for standardization, so that 
the galvanometer deflections can be interpreted in terms of 
flux increments. The galvanometer must be recalibrated after 
making any change 'in sensitivity, i.e., any alteration in Rs • 
. The -procedure for o·btaining the B-H curve is as follows : 
s
1 and s3 are closed and the . magnetizing current is i1, adjusted 
to the- desired maximum value for the loop by means of R1
• Then 
20 or 30 reversals of the current are made at intervals of a 
few seconds by means of s1 
until the specimen has reached the 
characteristic cyclic state . .  The reversal of s1 with s3 elosed 
locates the points L and N of Figure ( 2.3 ). All the points on 
Ballastic 
Galvanometer 
s2 
__ , A 1 il 
Figure (2 . 6 )  The Apparatus for Obtaining the Magnetic Characteristics 
, o -f a Ring Specimen 
I\) "' 
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the hysteresis loop are obtained by manipulating the switches 
s
1 and s3 in the proper sequence . Thus the magne tization curve 
as well as the hysteresis loop can be conveniently obtained by 
the use of this type of experimental set-up. 
We have had, in this chapter , a detailed explanation of 
(i ) The terms associated with the magnetic circuit 
(ii ) Description of the magnetization characteristic and 
the B-H curve 
{iii) Experimental procedure for obtaining the B-H curve 
(iv) Magnetization characteristics of different represen- . 
tative materials . 
In the following chapter , the technique adopted for 
approximating the magnetization characteristic by an algebraic 
function will be investigated . 
CHAPTER III 
A. THE APPRO X IMATION PO LYNOMIAL: 
25 
In the past, a need has been expressed for a simple 
equation to represent magnetization curves. 9 The requirements 
are twofold : 
1 .  The equations should be usable in conjunction with 
other equations t� obtain • an analytical solution for a par­
ticular problem inclusive of  saturation effects. 
2. For computer calculation which, undisputably, is the 
forerunner in al l design calculation and application, the 
magnetization curve should be capable of accurate representation 
by a single equation over the whole useful range like the three 
broad regions drawn in Figure ( 2. 5). 
The_ first requirement, as can be construed, is a particu­
larly stringent one, since it is then necessary that the 
equation suitably . describes magnetization to high flux density. 
However, with the advent of the digital computer with 
which pr.oblems �ay be solved speedily by numerical methods, 
the simultaneous equations are solved for obtaining the approxi­
mation curve parameters to a remarkable degree of accuracy . 
Hence, the first requirement is less important. The second 
requirement is predominan t .  
An approximation curve need not be more exact than the 
experimental magnetization curve. Again, the accuracy very 
well d�pends on the mode by which the magnetization curves 
are measured. 
are : 
Principle considerations in the method of approximation 
(i) if possible a single function should represent the 
whole range from origin to saturation, 
26 
(ii) the approximation should be simple mathematically so 
that it can be applied by a programmer as a matter 
of routine and not involve any judgment on the part 
of the· operator, 
(iii) the errors should be as small as possible, and 
·(iv) the computer time should be used to a minimum. 
To be more advantageous over all than the system of linear 
interpolation, the form of the equation m ust be extremely 
simple so that in repetitive and iterative calculations the 
time consumed in using it would not be significant. For this 
rea�on, hyperbolic an d exponential curves were deleted . 
This thesis presents a simple mathematical expression 
which when used· in conjunction with the computer, ·enables 
representation of many types of magnetization curves over � 
wide range. After considerable deliberation and after perusal 
of the literature on this specific topic, the following simple 
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cubic equation was selected for computation and study. 
B = a H3 H
2 H 
l + a2 + 
a
3 + a4 (10) 
· where 
a
1
, a2 ,  a3 
and a4 
are constants to be evaluated 
with the aid of the computer. 
Later, this expres sion is modified to read as : 
3 2 B = a
1
(log H) + a
2
(log H) + a
3
(log H) + a4 (11) 
Equations (9) and (11 ) are expressly used to approximate 
the experimental magnetization characteristic . Equation (ll) 
is used because the AC magnetization curves obtained from 
reference (14) are of the form B = f(log H) . 
The above-mentioned polynomial series are very adaptive . 
The constants ,  as will be shown later , will be determined by 
curve fitting methods. This polynomial approximat ion has been 
chosen for its ease of operation and extremely low figure of 
merit (Appendix 1). 
First observation of a magnetization curve shows that the 
material appears to exhibit a very high permeability at low 
magnetizing force, saturating. to a low constant · permeability 
at very high magnetizing force. The permeability of the 
material changes between the t·wo limiting values inversely with 
the magnetizing force. The effects of the changing permeability 
are implicitly included in equations (10) and (11) .  
The equati�n is seen to be of suitable form, since, for 
small H, the function reduces approximately to the constant 
intercept a4 and of definite slope. When H = O,  a4 is the 
intercept on the y-axis, i.e. , the remanent induction in the 
magnetic core under test. 
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In practice, a rational function of this type is capable 
of many graphical forms, and it may be that the best approxi­
mation to a magnetization curve over a given range is obtained 
where there is . no such direct relationship between the parame­
ters of the equation and the permeability of the material. 
B. DIRECTION .Q! REA DING: 
Now that the form of the equation has been established, 
it is important to consider the direction of reading. Almost 
without exception, it is true to say that, once a problem is 
formulat_ed, requiring the use of the magnetization curve, the 
reading of the curve is unidirectional. The oft used relation 
can be either of the form : 
B = f ( H )  
, 
H = f ( B )  
or ( 12 )  
( 13 ) 
In machine desiin, and flux mapping problems, B is required 
in terms of H and hence the convention us ed in this paper i s 
B = f(H ). 
C. DEF.I NIT ION Q! � IT!: 
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It becomes very necessary to utilize a criterion by which 
the constants, a1, a2
, a
3 
and a4, can be evaluated such that the 
experi�ental curve is very closely represented. In other words, 
the parameters a1
, a2
, a
3 
and a
4 have to be determined in · a way 
which gives the best approximation to a given curve. 
Let F(H) represent the true experimental curve. We then 
select an estimate f (H) for th�s true ·curve F(H) in such a 
manner that the s um  of the squares of the deviations between 
the observed values B. and their estimated values f (H . ) be as 
1 1 
small as possible. This criterion is extremely well suited for 
curve fitting and is termed the "least square criterion . "  
The overall accuracy of the mathematical approximation is 
considered to be satisfactory when the greatest error is either 
(a) too small to be read by the instruments with which 
the magnetization characteristic is measured ;  or 
(b) less than the variations that occur between samples 
of the same material • 
. In practice, it is ·not unus ual to find t�at - the magnetizing 
force required to produce a given flux density varies by as much 
as 15% from sample to sample �f the same magnetic material. 
The least squares criterion is one of the criterion pre­
dominantly used for fitting the equation to the characteristic 
. 
l 
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0 
Now if this cubic polynomial is to have a good fit with 
the experimental curve, the error E .  as shown in the Figure 
l. 
(3. 1) must be a minimum. 
E. = the error in the ith measurement. 
l. 
It may be pointed out at this stage that we assume that 
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only the measurement of Bi is subject to errors ;  the values Hi 
are fixed assigned arguments. 
F(H) = given experimental magnetization curve in the 
range a �  H � b ; wherein the range can be limited, 
often to the useful range of the magnetization 
curve. 
f ( H) = is the function to be the chosen function of 
approximation with a certain number of indefinite 
coefficients. 
Then the method by which the two functions F ( H) and f (H) 
are compared for optimal approximation is  by using the leas·t 
squares criterion and arriving at a system of equations with 
which the undetermined coefficients in f (H) can be s olved. 
D . METijOD Q! DETERMINING THE . ™ PARAMETERS . .QE: EQUATION :  
The curve .has to be fitted by n points whose co-ordinates 
are B
i
, H
i 
( i  = l , • • •  , n ) .  The least square error i s  to be 
minimized as shown in the - above Figure (3.1). Draw . an ordinate 
at the P · nt H Thi· s  ordinate intersects both the curves. Ol. . • 
Therefore s = � ( B . - B l  
i ';? 1  1 
(14) 
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- where S = sum of squared differences between observed 
and approximated curve values . 
Substituting for B from equation (10) 
S = � ( B1 i= l 
(15) 
S is a function of the constants a1, a2, a3 
and a4 • 
The minimum value of S may be found by equating the 
8s 8s · · partial derivatives 
�
'
�
' etc. ; to zero and solving the 
resulting equations to get the parameters. 
� =  
0 - 2 L {Bi 
3 2 - a
3
Hi - a4) ·
3 
{ 16) = - alHi 
- a2Hi X H .  
� =  
- 2 � (B. 
3 2 - a
3Hi 
- a4) H .
2 
(17) 0 = - alHi 
- a2Hi X l. l. 
8s - 2 r < Bi 
3 2 - a
3
H
i 
- a4) H .  (18) 
�
= 0 = - al
Hi 
- a2Hi 
8s L (B. - 3 2 - a3Hi - a4) · ( 19) ba4 = 0 = - 2 al Hi - a2Hi l. 
Simplifying these equations, the parameters of the 
approximate expression are evaluated with reference to the four 
simultaneous eq�ations noted below : 
10 
3 
10 . 
H .
6 
10 
· 5  
10 
H .
4 10 
H . 3 ( 20 )  � Bili . = al � 
+ a2 s H .  + a3 I + a4 � . 1 l. . 1 l. . 1 l. i = l 1 i=l � l. = l. = l. = 
10 
2 
10 10 
H .
4 
10 
H . 3 
10 
H .
2 
r B. Hi = al � 
H . 5 + a2 � 
+ a3 . L  + a4 � (21) 
i=l 1 i = 1 
1 . 1 J. . 1 l. i = 1 
1 
J. = l. = 
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10 10 
H 
4 10 
H.
3 
10 
2 
10 
.
� B
i Hi 
= a
l r 
+ 
a
2 I � a3 L H . + a4 � H . 
i = l 
i . 1 l. . l 
i 
i = l 1 i=l 1. = l. = 
( 22 )  
10 10 
3 
10 2 10 
I Bi 
= a
l L Hi 
+ 
a
2 I Hi 
+ 
a
3 
L H.  + na4 
. 
l 
i i=l i = l i = l l. = 
( 23) 
These equations are used to obtain the constants, and the 
data points obtained from the approximated curve are plotted on 
the same graph paper and the results are reviewed and explained. 
For simplicity, the range_ of summation is omitted. In the 
computer program used _ in this thesis , the number of data points 
read from the experimental curve is ten, i. e. , n = 10, through� 
out this work. 
The above mentioned equations are linear in nature ; hence, 
the various methods normally used to solve a system of simul­
taneous equations to a high degree of precision could be used 
to advantage. 
These sets of polynomial can be solved by brute force and 
the parameters determined. Since the polynomial is  of the 
third degree and the number of points chosen is n = 10, the 
number of computations would amount to a very huge number. 
The computer was used extens�vely because of the ease with 
which the computations were executed. 
The scheme enumerated below reduces the compiexity of . 
the operations necessary to solve the · linear equati�ns. 
The format of the equation is rearranged in such a way 
that the data points can be stored in the computer as an array 
with which the computations are carried out by the computer . 
The equations were programmed as shown in Appendix 2 ,  
Part I. 
The scientific sub-routine named "GELG" was used in 
solving these equations. For using the "GELG" sub-routine, the 
simultaneous equations were transformed into the type 
wherein 
I H . 
6 
l. L H . 
5 
l. 
[f [x] = [R] (24 ) 
A= represents _ the matrix of the coefficients 
of the simultaneous equations which in this 
case is a 4 x 4 matrix. 
X = solution of the system of equations or the 
parameters of the approximation formula , 
a 4 x 1 matrix . 
R = constants on the left hand side of equations 
(20 ) to ( 23), 4 x 1 matrix . 
LH .
4 
l. L H . 
3 
l. 
a
l L B. H . 
3 
. l. l. 
L H . 5 �Hi 
4· 
I·H .
3 
L H . 
2 a2 r B . H .
2 
l. l. l. 1. l. 
= ( 25 ) 
L H � i IH .
3 
1. IH
. 2 
+ �
H . 
1. 
a3 I B . H . l. l. 
L H . 
3 
� H .
2 I H . n a·4 L B . l. 1. l. 1. 
This corresponds to the form 
A x  X = R 
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The matrix X gives the solution to the system of equations. 
Here the summation is from i = 1 to i = 10. 
The system of simultaneous equations are solved by the 
method of Gaussian elimination in the "GEffi" sub-routine. 
After the computer program is executed, the solution X is 
placed in positions of the right hand · side matrix R .  
The equations were programmed as shown in  Part I of 
Appendix 2. An error sensing _ device is included in the sub­
routine "GELG" used in solving the system of linear simultaneous 
equation. It is further explained in Chapter V. Some modifi­
cations as stated earlier in this chapter were incorporated 
and the program was compiled and written in the Fortran IV 
language. 
(1 j A set of 10 curves was chosen from the Electrical 
Steel Sheets Engineering Manuai . 14 These magnetization curves 
of silicon steel were experimentally obtained. The units of 
the functions of the experimental curves as o�t�ined from the ­
Manual are the magnetic flux density in kilogauss and the 
magnetic force in oersteds . The abscissa of these curves 
depict the magnetizing force H in logarithmic scale and the 
ordinate depicting the magnetic flux density Bis in linear 
scale. Therefore equation ( 11) is used to obtain the matrix 
equations mentioned above . 
36 
As shown in the computer program, the constants a1, a2, a3 
and a4 are computed and printed. Part II of the program 
utilizes the values of these constants and inserts these values 
in the · approximation equation and a set of discrete values of 
the points on the approximated curve are printed in a tabular 
form. 
In Chapter V, there is a series of ten graphs containing 
both the experimental and the -approximated magnetization curves 
on semi-log paper. Tables on sheets adjoining these graphs 
give the appropriate values for the parameters of the polynomial, 
the qata points of the experimental and approximation curves, 
as well as the error in the accuracy of solving the system of 
simultaneous equations. The results of the computer program 
are explained in Chapter V. 
CHAPTER IV 
DETERMINATION OF FLUX DENSITY AND AMPERE-TURNS � THE SHORT 
AIR GAP OF A MAGNETIC CORE WITH KNOWN EXCITATION : - - - - ---- - - --- ------
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This chapter will enlarge the concept of the magnetic 
circuit, when a short air gap exists in the magnetic core. 
This is an extension to the topic under consideration , viz. , 
approximation of the magnetization characteristic using the 
computer. However, the approximation formula derived in the 
earli�r chapter is used to calculate the flux density existing 
in the magnetic core. Hence, it should be stated that the 
constants of this chapter form an integral part of the study 
undertaken in this dissertation. 
Chapter III describes a method for determining a poly­
nomial which approximately describes the magnetization 
characteristic of a ferromagnetic material on the computer. 
This approximated magneti zation curve was used to devise a 
method to determine the flux �ensity and the distribution of 
ampere-turns in the a·ir gap and the core when the ferromagnetic 
core has a very short air gap. 
This study is of con�iderable importance in the applica­
tion of ferromagnetic material performance in various electri­
cal machinery and apparatus . Up to this time an estimate of 
the flux density in the air gap of · a  magnetic core was 
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determined only by a trial and error method. A perusal of the 
pertinent literature on this topic shows that this problem has 
escaped the attention of people working in the field of ferro­
magnetism. 
A. AIR GAP : 
Magnetic structures of many electro-magnetic and electro­
mechanical devices contain air gaps. It is also very common 
that short air gaps are �nterposed in · an iron magnetic circuit. 
For instance , one of the common methods by which laminated 
cores are manufactured is to use punchings of different shapes. 
In the laminated core in Figure (4.1) ,  even though the 
successive laminations are staggered , small air gaps are still 
introduced at the junctions of the legs of the E-shaped and 
straight laminations. This is an example of air gaps that are 
inherent in a magnetic structure. In all cases, the effect of 
the air gap is to introduce a high reluctance path in the 
magnetic circuit and this e ffect cannot be ignored.? 
B. FRINGING AND LEAKAGE EFFECTS OF AIR GAPS: 
The cross-section of an electromagne_tic circuit with an 
air gap is as shown in Figure . (4.2 ). Owing to the large 
reluctance of the air gap, the difference in magnetic potential 
between the points, A and · B, may be large enough ( even if  the 
flux is small ) to cause the f�ux lines crossing the air gap 
to spread out. It is also seen that a few flux lines cross 
• 
D 
Figure ( 4. 2) 
T 
Leakage and Fringing Effects 
Due to an Air Gap 
A 
Air Gap 
B 
Figure ( 4. 1) Air Gap in Punchings Used in 
Laminated Cores 
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over f�om C to D bypassing the air gap. The spreading out of 
the flux lines is called fringing and the flux crossing over 
from C to D is termed leakage flux.3 
The effect of fringing is to make the flux density B in 
a 
the air gap less than the flux density B
i 
in the ferromagnetic 
portion of the core, because the effective cross-sectional 
area of the air gap is larger than the area of cross-section of 
the ferromagnetic po�tion of the core � It can be stated that 
it is generally difficult to calculate the effective area of 
the air gap with any great degree of accuracy except perhaps by 
field-mapping techniques. 3 
In practice, however, some empirical formulae yield satis­
factory results if  the air gap is short. 
C. ASSUMPTION : 
For the study described in this chapter, it is · assumed 
that if the length of the air gap is not more than 5 to 10 
per cent of cros s-sectional dimensions of the ferromagnetic 
core at the air ga·p and if opposite faces of the air gap are 
paralle� to each other , then the effect of fringing can be 
neglected withoµt ant appreciable error in the estimation of  
the results obtained . 
Hence , . B = B • •  a l. (26 ) 
However , the computer program is flexible enough to reduc� the 
value of B to a predetermined fraction of B . •  a l. 
D .  PROCEDURE TO DETERMINE THE MAGNETIC FLUX DENSITY AND 
MAGNETIZING FORCE IN THE AIR GAP OF A CORE : 
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Consider a magnetic core with a short air gap as shown in 
Figure . ( 4.3 ) . A coil of N turns is wound around it and a 
source of E . M.F. is connected across the coil. A current I 
flows through the coil. The . variables needed for computation 
are defined as follows : 
l
i 
is the length of _the magnetic core 
1 is the length of the air gap 
a 
Figure ( 4.3) Magnetic Core Having A Short 
Air Gap with Known Excitation 
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The lengths of the core and air gap are measured along the 
center line of t he sections of the magnetic core . The areas of 
the cross-sections of the air gap and magnetic core are assumed 
to be equal. 
m. m. f. of exciting coil= NI ampere-turns ( 27 )  
As is well known, in any magnetic circuit, the sum total 
magnetic potential drops around a closed path is equal to the 
m. m. f. acting on the closed path .  As .defined earlier , the 
magnetizing force H i$ the magnetic pot ential drop per unit 
length of the magnetic_ circuit. Therefore, 
magnetic potential drop in the core = Hili (28 ) 
Similarly, 
magnetic potential drop in the air gap = H 1 ( 29) a a 
total magnetic potential drop= H. l . + H l ( 30 ) J. i a a 
This is in turn equated to the magnetomotive force of the 
circuit, or 
E . DERIVATION 
1 .  Rise in magnetic pote�tial = NI amp -turns . 
2. Since a sho�t air gap e xists in . the core , 
potential drop in core = ( X) (NI) 
where X = a fraction of the total m . m. f. of the 
circuit , and th e 
magnetizing force in the core 
( 31 )  
{32 ) 
3 .  Next, the flux density in the core is t o  be determined 
using the approximation formula used in the preceding chapter 
to represent the experimental magnetization curve. The value 
of B
i 
is computed. 
B
i = a1 ( log Hi)
3 + a2 (log Hi)
2 
+ a
3
( log Hi)
+ a
4 
( 11) 
B. is expressed in kilogauss and 1 
Hi 
is expressed in oersteds. 
4 .  B
i
= Ba (
assumption ) 
5. The value of · B ·is converted to rationalized M.K.S. a 
units which is weber/sq. meter. 
B a 
�
=
� 
H = magnetizing force in the air gap a 
6. Magnetic potential drop is next computed 
(NI) = H 1 a a a 
S = H
i
l
i 
+ 
H 1 a . a 
( 33) 
(34) 
(35) 
7. A solution exists when S = NI. The computer program 
of Part III, Appendix 3, incorporates a procedure of successive 
iterations to modify X until S is essentially equal to NI. 
8. The flux density B in the air gap and. the magnetic . a 
potenti�l drops in the air gap and core are evaluated and 
tabulated by th� computer. 
This has afforded a method by which the flux density in 
the air gap and other related quantity can be obtained with 
effortless ease. It is to be underscored here t hat this 
computer program is so manipulated that the quantities 
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enumerated above can be determined for different values of N ,  
I, 1
1 
·and l
a
. 
In the next chapter, a study and observation or  10 
different experimentally obtained magnetization curves, its 
approximated magnetization characteristic and the flux density 
and field intensity when a short air gap exists are described. 
The results of the application of this computer program to the 
different approximate magnetization curves are listed in 
Tables 1 to 40 of Chapter V. -
For each of these curves, the values of N ,  I, li and la 
are used as shown below : 
N = 665 turns 
I =  2 amperes 
11 = 1 meter 
1 = . 001 meter a 
However, these values can be varied to suit the delinea-
tion of the magnetic circuit under consideration . 
CHAPTER V 
· A. DISCUSSION OF RESULTS : ----- - ----
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In Chapter III, a polynomial function was stated and a 
method was shown by which the functio� was made to closely 
approximate the experimental mag netization curve. The computer 
program developed to use this function to obtain the approxi­
mated magnetization curve is �hown in Appendix 2 ,  Part I and 
Part II. 
The computer pro g ram shown in Appendix 2 is credited with 
three accomplishments : 
1 .  It calculates the parameters of the approximation 
formula to represent the experimental magnetization 
characteristic, by making use of the scientific sub­
routine "GELG" 
2.  It calculates the data points on the approximated . 
magnetization characteristic sufficient enough to 
draw a smooth curve 
3. _ It calculates the fiux density and magnetizing force _ 
in the· short air g ap of a ferromagnetic core with 
known · excitation and · cross-sectional dimensions--both 
of which can be varied 
These calculations of the computer program are further 
explained below. 
B. EXPLANATION OF f!E! ! AND PART ill OF COMPUTER PROGRAM : 
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The procedure for the compilation of the program is as 
explained in Chapter III. The results obtained from the 
execution of the computer program are compiled in the form of 
tables and graphs. Ten representative B-H curves were chosen 
from Electrical Steel Sheets1
4 
and approximated. Figures { S. l) 
to (5. 10 ) depict both the experimental as well as the approxi­
mated magnetization characteristic. The original magnetization 
characteristics are show� by full lines. The curves drawn with 
broken lines represent the approximated magnetization 
characteristics 
. The unit of the magnetizing force H along the x-axis is 
the oersteds, and the unit of the magnetic flux density along 
the y-axis is the kilogauss . 
The experimental magnetization characteristics of the 
steel are determined by two tests. If the experimental data 
points are obtained by direct current tests, then it is termed 
as DC magnetization . If the data points on the experimental 
characteristic are determined by Volt-Ampere Induction tests, 
, 
t AC t ·  t ·  · . 14 T then it is expressed as apparen magne iza ion. he 
experimental cu;ves · o_f Figures (5. 1 ) , (5 . 2), (5. 6 )  and (5 . 9 ) 
are apparent AC magnetization curves and Figures (5 . 3),  (5. 4), 
(5 .5 ), ( 5. 7) , (5. 8) , and (5. 10) are DC magnetization curves . 
The odd numbered set of tables starting from Table 1 ,  in 
sequential form , represent the data points fed in as input to 
the computer, and the calculated points on the approximated 
magnetization characteristic. The calculated points on the 
curve are more in number than the data points fed in, to 
facilitate accurate plotting of the approximated magnetization 
characteristic. In the table of calculated points on the 
approximated magnetization curve, the . value of magnetizing 
force H is changed in st�ps and the resulting flux density B 
for each of these values of H is computed and tabulated. 
Also given in these sets of tables, are the calculated 
constants of the cubic polynomial function for each of the· ten 
experimentally obtained curves. The computed values of the 
calculated points on the approximated curve are obtained by 
the use of these constants. 
The value of the error sensing device included in the 
scientific sub-routine "GELG" to solve the system of simul­
taneous equations for· each of the curves is also shown in these 
sets of tables. 
C .  DISGUSSION OF RESU LTS .QI �  1 � .!.ll (Appendix il: 
For discussion, ·Figure (5.1) and Tables 1 ,  2 ,.  3 and 4 
are chosen . Figure (5. 1) shows the magnetization characteristic 
of USS Transformer 65, Hot Rolled Sheets, Apparent A.C. Magneti­
zation. The constants of the polynomial approximation function 
( 
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shown in Table 2 were evaluated by the computer using the data 
points of Table 1. Table 3 enumerates the calculated points 
on the approximated magnetization curve. The actual charac­
teristic is shown in full line, and the curve with a broken 
line is the approximate curve, obtained as described in 
Chapter III. A study of the curve shows that the approximation 
function has provided an excellent f it to the original curve. 
On closer perusal, it is seen that this near-perfect fit is 
possible because this - magnetization characteristic is devoid of 
numerous changes in slope. Further, the original curve has a 
very shallow slope towards saturation. The process of substi­
tution for curves of this type, by the approximation formula, 
is very exact and an extremely satisfactory fit results. 
Next , the curves as shown in Figure (5.5) are considered 
in conjunction with Tables 17, 18 and 19. The same method of 
reading the data points from the experimental curve or input, 
calculating the constants of the polynomial function as 
obtaining the calculated points on the approximated curve was 
used. From a study of the curves, it is seen that the slope 
of the original curve varies �uite frequently - from its origin 
to saturation. Since the changes in slope are numerous, the 
approximated magnetization characteristic varies from the 
original curve especially _in the region of saturation. But 
there is a better fit in the initial and knee portion of the 
original curve. The variations are not very persiste.nt as the 
approximated magnetization curve corresponds to points on the 
original curves at many points. The tabulated values of 
Tables 17 and 19 show that the variations calculated to the 
original data points are not very pronounced. 
A study of the rest of the curves will depict these 
explanations to better advantage. 
D. EXPLANATION Q! RESULTS Q!_ � ill OF APPENDIX � :  
For each of the ten curves chosen for approximation, the 
value of excitation on the electromagnetic core is fixed at 
1330 ampere-turns. For an air gap of 0. 001 meter, the program, 
utilizing the given data and the polynomial approximation 
function, computes the val�e of the flux density in the air gap 
as well as the potential drop in the air gap and core. If, for 
example, Table 2 is considered, it can be noted that under the 
heading core data is given the numerical values of lengths .of 
magnetic core and air gap, as well as the excitation. The 
explanation of the terms in this table are given below : 
LA = Length of air gap in meters 
LI = Length of the magnetic core in meters 
NI = m. m. f. of the exciting coil in ampere-turns 
B(I )  = Flux density in air gap in weber/sq. meters _ 
NI { I )  = Potential drop in the magnetic core in ampere­
turns 
NI (A) = Potential drop in the air gap of  the magnetic 
core in ampere turns. 
All units for the variables used in this chapter are in 
the rationalized M .K . S . system of units. 
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Many conditions can be incorporated in the problem by 
varying the various parameters of the magnetic circuit when an 
air gap exists. 
For each experimental curve, the flux density in the air 
gap and the distribution of ampere -turns from the approximated 
magnetization curve are tabulated. 
TABLE 1 
!!.2§. Transformer 65 - Hot Rolle d Sheets  
Apparent A. C. _M�e ti zation 
( See Figure 5. 1 )  
DATA POINTS FOR B-H CURVE: 
Flux Density 
(Kilogauss )  
B (X )  
4 .oo 
6 � 60 
8 . 30 
10 . 90 
12 . 00 
.13. 80 
14. 39 
14. 90 
15 . 30 
16 . 00 
TABLE 2 
Magnetic Force 
( Oerste ds ) 
H (X )  
o . 43 
0. 70 
l.. 00 
2 . 00 
3 . 00 
7 . 00 
10. 00 
15. 00 
20. 00 
35 . 00 
CALCULATED CONSTANTS OF THE POLYNOMIAL: 
R ( l ) R (2 ) R (3) R (4) 
1. 1582 -4 . 9506 9. 8485 8 . 3052 
ERROR IN SOLVING SIMULTANEOUS ESUATIONS: 
IER = 0 
51 
TABLE 2. 
(See Figure 5. l) 
CA LCU LATED PO INTS ON THE AP PROXIMATE D  CURVE : 
Magnetic Force 
(0ersteds) 
H (CAL . ) 
o . 4-0  
0.50 
0. 60 
0. 70 
0.80 
0 .90 
1.00 
2. 00 
3. 00 
4 .oo 
5 .• 00 
6. 00 
Flux Density Magnetic Force 
( Kilogauss) 
B (CAL . ) 
3.525 
4. 857 
5. 862 
6.655 
7 .302 
7 .844 
8. 305 
10 .856 
12. 008 
12. 699 
13. 173 
13.525 
(0ersteds) 
-
TABLE 4 
H (CAL . ) 
7.00 
8.oo 
9. 00 
10. 00 
20 . 00 
30 . 00 
40.00 
50.00 
60.00 
70.00 
80. 00 
90. 00 
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Flux Density 
(Kilogauss) 
B (CAL . ) 
13. 80 
14.02 
14. 21 
14. 371 
15. 30 
15. 79 
16. 15 
16 . 44 
16 . 69 
16.91 
17.11 
17 .30 
., 
EVA LUATED VA LUES OF F LUX DENSITY AND AMPERE-TURNS · IN AIR-GAP 
AND CORE : 
CORE DATA : 
LI LA I N 
meters mete.rs amperes turns 
1. 00 0 . 001 2. 0 665 
CA LCU LATED RESU LTS : 
NI B(I) NI ( I ) · NI (A) 
Amp-turns Weber/Sq 
. • M Amp-turns Amp- turns 
1330. 0  1 . 27 319. 0 6  1010. 82 
-
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TABLE 2. 
!!2§. Transformer 73 - Cold Rolled Sheets 
Apparent A . C .  Miiiieti zation 
(See Figure 5 -2) 
DATA POINTS FOR B-H  CURVE: 
Flux Density 
(Kilogauss)  
B ( X) 
4 . oo 
5 . 80 
7. 00 
8 . oo 
12. 00 
14. oo 
15 . 60 
16. 80 
17. 60 
18 . 00 
TABLE .§. 
Magnetic Force 
(Oerste ds ) 
. H ( X) 
0 . 16 
0 . 20 
0 . 22 
0 . 24 
0 . 34 
o . 42 
0 . 60 
1 . 10 
2 . 00 
4. 90 
CALCULATED CONSTANTS OF THE POLYNOMIAL : 
R(l) R (2) R (3 ) R ( 4) 
8. 3557 -10 . 0766 4 . 4285 16 . 9601 
ERROR IN SOLVING SIMULTANEOUS EQUATIONS : 
IER = 0 
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TABLE Z. 
( See  Figure 5 - 2) 
CALCULATED POINTS ON THE APPROXIMATED CURVE : 
Magne tic Force Flux Density 
{ Oerste ds ) ( Kilogauss) 
H(CAL.) B (CAL . )  
0 . 20 6.088 
0 . 30 10 . 695 
o.4o 13 . 076 
0 . 50 14 . 486 
0 . 60 15 . 391 
0 . 70 16 . 001 
0 . 80 16.429 
0 . 90 16 . 736 
1 . 00 16 . 960 
2 . 00 17.608 
3.00 17.687 
4 � 00 17.797 
5 .00 17. 986 
Magne tic Force  
(Oerst e ds) 
TABLE 8 
H (CAL.) 
6.00 
7.00 
8 .oo 
9 . 00 
10 . 00 
20.00 
30 . 00 
40 . 00 
50.00 
60 . 00 
70.00 
80 . 00 
90.00 
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Flux Density 
(Kilogauss) 
B (CAL.) 
18. 242 
18 .549 
18.896 
19 . 271 
19 . 668 
24 . 067 
28.445 
32 . 550 
36 . 375 
39 . 952 
43 .313 
46 . 485 
49 . 493 
EVALUATED VALUES OF FLUX DENSITY AND AMPERE-TURNS IN AIR-GAP . 
AND CORE: 
CORE DATA : 
LI LA I N 
met ers · meters amperes · turns 
1 . 00 0 . 001 2.0 665 
CALCULATED RESULTS: 
NI B (L) . NI (I) NI (A) 
Amp-turns Weber/Sq. M Amp-turns Amp-turns 
1330.0 1 . 601 55 . 86 1273 . 95 
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TABLE 2, 
!!2.§. Transformer 66 - Cold Re duced Coils 
12.:..£:. Magnetization 
(See Figure 5.3) 
DATA POINTS FOR B-H CURVE: 
Flux Density 
(Kilogauss) 
B (X )  
7. 80 
10. 00 
11.80 
13. 00 
14. 60 
16. 00 
' 16. 80 
17.4o 
18. 60  
19. 62 
TABLE 10 
Magnetic Force 
(Oersteds) 
. H {X )  
0. 12 
0. 14 
0. 19 
0. 24 
o . 4o 
0. 90 
2. 00 
4. 60 
20. 00 
80. 00 
CALCULATED CONSTANTS OF THE POLYNOMIAL: 
R(l) R (2) R (3) R (4) 
1. 5589 -3. 9153 3. 5628 16. 5095 
ERROR IN SOLVING SIMULTANEOUS EQUATIONS: 
IER = 0 
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TABLE 11 
(See  Figure 5 . 3 )  
CALCULATED POINTS ON THE APPROXIMATED CURVE : 
Magnetic Force 
(Oersteds ) 
H (CAL. ) 
0.20 
0. 30 
o .4o 
0 . 50 
0 . 60 
0 . 70 
0 . 80 
0 . 90 
1 . 00 
2 . 00 
3 .• 00 
4. oo 
5. 00 
Flux Density Magnetic Force 
( Kilogauss ) (Oerste ds ) 
B(  CAL . )  H(CAL . ) 
11 . 574 6. oo 
13.353 7. 00 
14.373 8. oo 
15.040 9.00 
.. 
15 - 509 10 . 00 
15 . 858 20 . 00 
16 . 126 30. 00 
16. 338 4o. oo 
16 . 509 50. 00 
17. 270 60. 00 
17.487 70. 00 
17. 575 80. 00 
17 . 619 90 . 00 
TABLE 12 
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Flux Density 
( Kilogauss )  
B (CAL. ) 
17. 646 
17 . 665 
17.682 
17 . 699 
17. 716 
17 . 951 
18. 254 
18.578 
18.906 
19 . 230 
19. 546 
19.854 
20.154 
EVALUATED VALUES OF FLUX DENSITY AND AMPERE-TURNS IN AIR-GAP 
AND CORE : 
CORE DATA : 
i,I LA I N 
meters meters amperes turns 
1 . 00 0. 001 2. 0 665 
CALCULATED RESULTS: 
NI B(I) NI (I ) NI (A) 
Amp-turns Weber/Sq . M  Amp-turns Amp-turns 
1330. 0 1 . 59? 58. 919 1271 . 018 . 
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TABLE 13 
� Man -Ten Steel - .0747 to . 1250 Inches 
� Magnetization 
( See Figure 5.4 )  
DATA POINTS FOR B-H CURVE : 
Flux Density 
(Kilogauss) 
:S (X ) 
0. 20 
0. 20 
0.50 
2. 00 
4. 00 
7.20 
10.80 
14. oo 
15.80 
18. 00 
TABLE 14 
Magnetic Force 
(Oersteds ) 
H (X) 
0 . 50 
1.00 
3.00 
5. 40 
7. 40 
10. 00 
16.00 
30.00 
50.00 
130.00 
CALCULATED CONSTANTS OF THE POLYNOMIAL : 
R (l )  R ( 2 )  R (3 )  R (4) 
-4 . 7352 15 .6352 -2 .6705 -1. 3563 
ERROR IN SOLVING S IMULTANEOUS ESUATIONS : 
IER = 0 
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TABLE 15 
( See Figure 5 - 4 )  
CALCULATED POINTS ON THE APPROXIMATED CURVE : 
Magnetic Force 
( Oersteds ) 
H_( CAL. ) 
0.20 
0 . 30 
o . 4o 
0 . 50 
0 . 60 
3 . 00 
4 . 00 
5 . 00 
6 . oo 
7 . 00 
8 . oo 
9 . 00 
10.00 
20 . 00 
30.00 
Flux Density Magnetic Force 
(Kilogauss )  ( Oe rsteds ) 
B ( CAL. ) H ( CAL . ) 
9 . 766 40.00 
4 . 992 50.00 
2 . 481 60 . 00 
0 . 994 ·- 70.00 
0 . 057 80 . 00 
o . 415 90 . 00 
1 . 670 100 . 00 
2 . 799 200.00 
3 . 802 300.00 
4 .695 400 . 00 
5 . 496 499 . 999 
6 . 218 599 . 999 
6 . 873 699 . 999 
11 . 207 799.999 
13 . 552 899 . 998 
TABLE 12, 
61 
Flux Density 
(Kilogauss ) 
B ( CAL. )  
15 . 024 
16.016 
16 .708 
17 . 201 
17 .551 
17.796 
17 .962 
17 . 592 
1.5 . 993 
J..4 . 132 
1.2 . 233 
10 . 366 
8.554 
6 .806 
5 . 122 
EVALUATED VALUES OF FLUX DENSITY AND AMPERE-TURNS IN AIR-GAP 
AND CORE : 
CORE DATA : 
LI LA I N 
meters meters amperes turns 
1 . 00 0 . 001 2 . 0  .665 
CALCULATED RESULTS : 
NI B( I )  NI ( I )  NI (A) 
Amp-turns Weber/Sq.M Amp-turns Amp-turns 
1330 . 0  0.681 . 787.891 541 . 916 
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TABLE .!z. 
� Cor-Ten Steel - Cold Rolled Sheets 
12.:..£.:. Magnetization 
(See Figure 5 .  5 ) 
DATA POINTS FOR B-H CURVE : 
Flux Density 
(Kilogauss) 
B (X)  
0 . 15 
0.37 
0 . 80 
3.20 
4 . 80 
9 . 60 
. 13 . 00 
15.20 
17.50 
20.50 
TABLE 18 
Magnetic Force 
(Oersteds) 
H (X) 
0.50 
1.00 
2.00 
4. oo 
5.00 
10.00 
20.00 
40.00 
100.00 
500. 00 
CALCULATED CONSTANTS OF THE POLYNOMIAL:  
R (l) R (2) R (3) R(4) 
-2. 2066 7.6378 2. 9059 0.0511 
ERROR IN SOLVING SIMULTANEOUS EQUATIONS: 
IER = 0 
TABLE 19 
( See  Figure 5 - 5 ) 
CALCULATED POINTS ON THE APPROXIMATED CURVE : 
Magnetic Force 
( Oersteds ) 
H ( CAL . ) 
0 . 20 
0 . 30 
o . 4o 
1. 00 
2.00 
3 . 00 
4.00 
5 .00 
6.oo 
. 7. 00 
8.00 
9 . 00 
10. 00 
20 . 00 
30 . 00 
Flux Densi ty Magnetic Force  
(Kilogauss ) ( Oersteds ) 
B ( CAL . ) H ( CAL . ) 
2 . 505 40.00 
0 . 935 50.00 
0 . 243 6Q . OO 
· 0 . 051 70 . 00 
1 . 558 .. 80.00 
2.937 90 . 00 
4.088 100 . 00 
5 . 060 200.00 
5 . 897 300.00 
6 . 630 400 . 00 
7.279 499.999 
7 . 861 599.999 
8 . 388 699 . 999 
11 . 901 799 . 999 
13.897 899.998 
TABLE 20 
64 
Flux Density 
( Kilogauss )  
B( CAL . ) 
15 . 236 
16 . 213 
16 . 962 
17.554 
18.034 
18 . 430 
18. 761 
20.294 
20.576 
20 . 450 
20 . 148 
19 . 759 
19 .326 
18.869 
18 . 4o2 
EVALUATED VALUES OF FLUX DENSITY AND AMPERE-TURNS IN AIR-GAP 
AND CORE : 
CORE DATA : 
LI u I N 
me'ters meters amperes turns 
1.00 0.001 2.0 665 
CALCULATED RESULTS : 
NI B( I ) . NI ( I )  NI ( A )  
Amp-turns Weber/Sq.M Amp-turns Amp-turns 
1330.0 0.781 708 . 622 621 . 297 
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TABLE 21 
USS Transformer 52 - Hot Rolled Sheets 
- Apparent A.C. Magnetization 
{See Figure .5. 6 )  
DATA POINTS FOR B-H CURVE: 
Flux Density 
(Kilogauss ) 
B (X) 
4. oo · 
6. 00 
7.38 
8. 70 
10. 00 
12. 00 
. 13. 05 
13.90 
15. 00 
16. 00 
TABLE 22 
Magnetic Force 
(Oersteds ) 
H ( X) 
0.35 
0 • .51 
0.70 
1 .00 
1.50 
3. 00 
5. 00 
9. 00 
18. 00 
36. 00 
· CALCULATED  CONSTANTS OF THE POLYNOMIAL : 
' 
R {l )  R ( 2 ) R { 3 ) R {4) 
1. 0225 -3 - 9474 8 . 3262 8 . 7410 
ERROR IN SOLVING SIMULTANEOUS EQUATIONS : 
IER = 0 
66 
TABLE 23 
(See Figure 5. 6 ) 
CALCULATED POINTS ON THE APPROXIMATED CURVE : 
Magnetic  Force Flux Density Magnetic Force 
(Oersteds ) (Kilogauss ) (Oersteds ) 
H (CAL . ) B(CAL . ) H(CAL. ) 
0 . 20 o. 644 6 . oo 
0 .30 3. 162 7. 00 
o.4o 4. 738 a. oo 
0 . 50 · 5. 849 9 . 00 
0 . 60 6. 688 .. 10. 00 
0 . 70 7. 353 20 . 00 
0. 80 7. 896 30 . 00 
0 . 90 8.352 40 . 00 
1. 00 8. 741 50 . 00 
2 . 00 10. 918 60. 00 
3.00 11. 926 70 . 00 
4. oo 12. 546 80.00 
5 . 00 12. 981 90. 00 
TABLE � 
67 
Flux Dens ity 
(Kilogauss )  
B(  CAL . ) 
13. 312 
13. 575 
13. 794 
13. 980 
14. 142 
15. 144 
15 . 723 
16. 153 
16. 507 
16. 814 
17 . 088 
17 .338 
17 . 568 
EVALUATED VALUES OF FLUX DENSITY AND AMPERE-TURNS IN AIR-GAP . 
AND CORE: 
CORE DATA : 
LI � I N 
meters· meters amperes · turns 
1 . 00 0. 001 2. 0 665 
CALCULATED RESULTS: 
NI B'( I )  NI(I ) NI ( A )  
Amp-turns Weber/Sq . M Amp-turns Amp-turns 
1330. 0 1. 260 327. 179 1002. 684 
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Figure ( 5.6 )  Experimental and Approximated Magnetization Curves o f  USS Transformer 52 
Hot , Rolled Sheets , 29 Gage - Apparent A. C. Magnetization ( Tables 21 
and 23 ) 
°' 
(X) 
TABLE 25 
USS Field - Cold Reduced Sheets 
- .!2.:.£:. _Magii'etization 
(See Figure 5. 7) 
DATA POINTS FOR B-H CURVE : 
Flux Density 
(Kilogauss) 
B (X)  
7. 00 · 
8. oo 
10. 00 
12. 00 
14. oo 
15. 00 
. 16 • .58 
17 • .58 
18. 58 
20. 00 
TABLE 26 -- -
Magnetic Force 
(Oersteds) 
H (X )  
2. 88 
3. 20 
4. oo 
.5. 80 
10. 00 
15. 00 
40. oo 
80. 00 
140. 00 
26.5. 00 
CALCULATED CONSTANTS OF THE POLYNOMIAL: 
R(l) R (2 )  R (3) 
3 .5383 -i7. 9799 32 . 9193 
ERROR IN  SOLVING S IMULTANEOUS EQUATIONS : 
!ER = 0 
R (4) 
-4 . 4218 
69 
TABLE � 
( See Figure 5.7 )  
CALCULATED POINTS ON THE APPROXIMATED CURVE: 
Magnetic Force Flux Density Magnetic Force 
( Oersteds ) (Kilogauss )  (Oersteds)  
H ( CAL . ) B( CAL. ) H( CAL . ) 
2. 00 3. 955 60 . 00 
3.00 7. 576 70.00 
4 .00 9. 652 80.00 
5. 00 11. 012 90 . 00 
6. oo 11. 974 100.00 
7 .00 12.693 200. 00 
8.00 13.249 300. 00 
9 . 00 13. 694 400 . 00 
10. 00 14. 056 500 . 00 
20. 00 15. 765 600. 00 
30. 00 16.377 700. 00 
4o·. oo 16 . 719 800. 00 
50. 00 16.960 900. 00 
TABLE 28 
70 
Flux Density 
(Kilogauss ) 
B (CAL . ) 
17 . 157 
17 . 332 
17.495 
17 . 652 
17 . 803 
19 . 236 
20 � 578 
21. 836 
23. 017 
24. 130 
25. 183 
26. 184 
27 . 138 
EVALUATED VALUES OF FLUX DENSITY AND AMPERE-TURNS IN AIR-GAP
. 
AND CORE: 
CORE DATA : 
LI 
meters • 
1. 00 
CALCULATED RESULTS : 
NI 
Amp-turns 
1330.0 
LA 
meters 
· 0 . 001 
R( I) 
Weber/Sq. M  
1. 137 
I 
amperes 
2. 0 
NI(I) 
Amp-turns 
424 . 934 
N 
· · turns 
665 
NI(A) 
Amp-turns 
904.961 
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Figure (5 . 7 )  Experimental and Approximated Magnetization Curves o f  USS Field 
Cold Reduced Sheets , 29 Gage - D . C .  Magnetization (Tables 25 ·and 27) 
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"3 ..., 
TABLE � 
USS Transformer 52 - Hot Rolled Sheets 
- � Magnetization 
(See Figure 5. 8) 
DATA POINTS FOR B- H  CURVE : 
Flux Density 
(Kilogauss) 
B (X) 
7. 80. 
10. 05 
11.55 
13. 00 
13. 60 
14. 80 
16. 00 
17 . 60 
18.70 
19.58 
TABLE 30 
Magnetic Force 
(Oereteds) 
H (X) 
1.00 
1. 80 
3.00 
7.50 
13. 00 
36. 00 
76. 00 
170. 00 
3 00. 00 
600. 00 
CALCULATED CONSTANTS OF THE POLYNOMIAL : 
RC 1 ) ·  R { 2 ) R {3) R (4) 
0. 6812 -3. 1888· 7.8574 8. 0747 
ERROR IN SOLVING SIMULTANEOUS EQUATIONS: 
IER = 0 
72 
TABLE 21_ 
( See Figure 5 - 8 )  
CALCULATED POINTS ON THE APPROXIMATED CURVE: 
Magnetic . Force Flux Density Magnetic Force 
( Oersteds ) (Kilogauss ) ( Oersteds ) 
H (CAL. ) B (CAL. ) H( CAL . ) 
2. 00 10. 170 60. 00 
3. 00 11. 172 70 . 00 
4. 00 11. 798 80. 00 
5. 00 12. 242 90. 00 
6. 00 12. 579 100. 00 
7. 00 12. 849 - 200. 00 
8. 00 13. 072 300 . 00 
9. 00 13. 261 400. 00 
10 . 00 13. 425 500. 00 
20. 00 14. 400 600. 00 
30. 00 14. 919 700. 00 
40.oo 15. 279 800. 00 
50. 00 15. 560 900. 00 
TABLE 32 
73 
Flux Density 
( Kilogauss ) 
B ( CAL. ) 
15. 794 
15. 995 
16. 174 
16. 336 
16. 484 
17. 570 
18. 326 
18. 931 
19. 446 
19 . 899 
20. 306 
20. 678 
21. 021 
EVALUATED VALUES OF FLUX DENSITY AND AMPERE-TURNS IN AIR-GAP 
AND CORE : 
CORE DATA : 
LI LA I N 
meters meters amperes turns 
1. 00 0. 001 2. 0 665 ' 
CALCULATED RESULTS: 
NI B:{I )  NI ( I )  NI (A) 
Amp-turns Weber/Sq. M  Amp-turns Amp-turns 
1330. 0 1. 209 367. 877 961. 935 
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Figure (5. 8) Experimental and Approximate d Magnetization Curves of  USS Transformer 52 
Ho t Rolled Sheets , 29 Gage - D. C. Magnetization (Tables 29 ·and 31 ) 
-'3 
� 
TABLE 33 
.!!§.2 Dynamo - !!2.1 Rolled She ets 
Apparent !:..£:. Magneti zation 
( See  Figure 5 . 9 )  
DATA POINTS FOR B-H CURVE: 
Flux Density 
( Kilogauss ) 
B(X ) 
4 . oo 
6. 00 
8 . oo 
10 . 00 
11 . 00 
12. 60 
13 . 30 
14. 18 
14. 90 
15. 90 
TABLE � 
Magnetic Force 
( Oersteds ) 
H ( X )  
o.64 
0 . 90 
1. 30 
2. 00 
2 . 50 
4 . oo 
5. 00 
7. 00 
10. 00 
20. 00 
CALCULATED CONSTANTS OF THE POLYNOMIAL: 
-
R ( l )  R ( 2 ) R (3 )  R ( 4 )  
0 . 3732 -4 . 7670 · 12 . 6958 6 . 6215 
ERROR IN SOLVING SIMULTANEOUS EQUATIONS: 
IER = 0 
75 
TABLE 22. 
(See  Figure 5 . 9) 
CALCULATED POINTS ON THE APPROXIMATED CURVE: 
Magnetic Force Flux Density Magnetic Force 
(0ersteds) ( Kilogauss) ( 0ersteds) 
H (CAL. )  B ( CAL. ) H (CAL . )  
0. 20 -4. 709 6.00 
0. 30 -1.374 7. 00 
o.4o 0.791 8. oo 
0.50 . 2 . 358 9.00 
0.60 3. 566 - 10. 00 
0.70 4 • .$39 20.00 
0.80 5. 346 30. 00 
0. 90 6.031 40. 00 
1.00 6.622 50. 00 
2. 00 10.022 60.00 
j. oo 11. 634 70.00 
4. 00 12. 619 80. 00 
5. 00 13 . 294 90. 00 
TABLE 36 
76 
Flux Density 
(Kilogauss) 
B (CAL . )  
13.790 
14. 171 
14.474 
14.720 
14.924 
15.892 
16. 177 
16. 261 
16. 262 
16 . 222 
16. 162 
16. 090 
16. 012 
EVALUATED. VALUES OF FLUX DENSITY AND AMPERE-TURNS IN AIR-GAP 
AND CORE : 
CORE DATA : 
LI � I N 
meters meters amperes turns 
1. 00 0. 001 2. 0 665 
CALCULATED RESULTS: 
NI B(I) NI{ I )  NI (A) 
Amp-turns Weber/Sq. M  Amp-turns Amp-turns 
1330. 0 1.266 322. 523 1007 . 359 
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Figure ( 5 . 9 )  Experimental and Approximation Curves o f  USS Dynamo 
Hot Rolle d Sheets , 26 Gage - Apparent. A. C .  Magnetization 
(Tables 33 and 35) 
-'3 
-'3 
TABLE .2Z 
!!§.§. Transformer 65 - Punching Quality 
!!u Rolled Sheets - � Magnetization 
(See Figure 5 - 10) 
DATA POINTS FOR B-H CURVE: 
Flux Density 
(Kilogauss )  
B (X )  
6. 70 
9. 80 
12 . 00 
13 . 00 
13 • .50 
14. 35 
14. 80 
15. 50 
16 . 70 
18. 60 
TABLE 38 
Magnetic Force 
(Oersteds) 
H ( X )  
1. 00 
2 . 00 
4 . oo 
7. 00 
10 . 00 
20 . 00 
30 . 00 
50 . 00 
100 . 00  
250 . 00 
. CALCULATED CONSTAN1'S OF THE POLYNOMIAL: 
R(l) R ( 2 )  R ( 3) R (4) 
1. 5611 -6. 6265 11. 8874 � - 7525 
ERROR IN SOLVING SIMULTANEOUS EQUATIONS: 
IER = 0 
78 
TABLE 39 
( See Figure 5 - 10) 
CALCULATED POINTS ON THE APPROXIMATED CURVE: 
Magne·tic Force 
( 0ersteds) 
H (CAL . )  
2. 00 
3. 00 
4. oo 
5. 00 
:, 6. oo 
7. 00 
8. oo 
9. 00 
10. 00 
20. 00 
30 . 00 
40 . 00 
50. 00 
Flux Densi ty Magnetic Force 
(Kilogauss) (Oersteds) 
B(CAL.) H (CAL.) 
9. 773 60. 00 
11. 085 70. 00 
11. 848 80. 00 
12. 357 90. 00 
12. 726 
-
100. 00 
13.008 200. 00 
13. 233 300. 00 
13. 419 400. 00 
13. 575 500. 00 
14. 440 600. 00 
14 . 885 700. 00 
15. 209 800.00 
15. 477 900. 00 
I 
TABLE iQ 
79 
Flux Density 
(Kilogauss) 
B (CAL.) 
15. 715 
15.933 
16. 136 
16.328 
16. 511 
18 . 04o 
19. 267 
20. 322 
21 . 259 
22. 108 
22. 888 
23.612 
24. 289 
EVALUATED VALUES OF FLUX DENSITY AND AMPERE-TURNS IN  AIR-GAP 
AND CORE : 
CORE DATA: 
LI LA I N 
meters meters amperes turns 
1 . 00 0 . 001 2. 0 665 
CALCULATED RESULTS: 
NI H( I ) ' NI ( I )  NI ( A) 
Amp-turns Weber/Sq . M . Amp-turns Amp-turns 
1330 . 0  i. 215 362. 823 967. 123 . 
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CHAPTER VI 
CONCLUSIONS 
The purpose of this investigation was accomplished in 
that a simple approximatiot polynomial function was chosen 
after much deliberation . This function, when used in con­
junction with th� computer , made it possible to represent a 
variety of magnetizat'ion curves over a wide range. 
A rational function is shown to be capable of fitting 
saturation curves over a range from origin to its saturation. 
81 
The values of the approximated curves cover extreme ranges on 
either side of the original curve as shown in Figure (5.1) of 
Chapter v .  The equation allows rapid calculation with the 
computer . A method has been given {Chapter IV) for the 
derivation of the best parameters of the equation for a par­
ticular data curve. 
From a study of the tables and graphs of Chapter V, it 
can be stated that thi� approximation equation _ is ideally 
suited .for pro�lems which req-uire use of the magnetization 
characteristic _ many times, si_nce calculations usi_ng it require 
only a few easy and facile operations of reading - in the required 
data . The quantities suc·h as flux density in the air gap of a 
magnetic core are obtained to a very satis factory degree of 
accuracy by using this approximation function. 
82 
The function used for approximation becomes inadequate 
to represent an original magnetization characteristic when the 
slope of the curve vari�s frequently. 
It is hoped that this study will encourage further 
critical investigation of a suitable expression that takes 
into account even the extreme inflections in the magnetization 
characteristic which is to be approximated. 
A method of determining the flux . density in the air gap as 
well as the potential d�op in the core and air gap of a magnetic 
core with a short air gap using ·the approximated magnetization 
characteristic was devised and executed by the computer. The 
results obtained through the use of this program are very 
encouraging. The assumption (Chapter IV) of neglecting the 
fringing of flux at air gap can be waived and a suitable factor 
can be introduced. The core dimensions can also be varied. 
The computer program is flexible enough to allow these varia­
tions and still compute the results needed. 
1. 
2 .  
4 .  
5. 
6. 
7 . 
8 .  
9. 
10. 
11 . 
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APPENDIX 1 
FIGURE OF MERIT 
FIGURE OF MERIT 
86 
A simple and generally usable way of determining the 
quality of an approximation is not known to date.
9 
A way of 
comparing should be independent of the place and the interval 
on which comparison is made, and besides it should be able to 
give a comprehensive idea over the quality factor of figure of 
merit of the respective approximation curve . Stated below is 
a method by which the quality of approximation may be 
determined. 9 
x ---> 
Figure (A . l ) De finition of the Quality Factor K 
87 
As shown in the figure , let y (x) be an empirical magneti­
zation curve, which has to be approximated, Y (n )  the approximate 
curve , a and b the boundaries ,  with ordinates y
a 
and y
b 
respective Ya and Yb 
at these boundaries. 
Area f
1 
- represents the area with sides : 
Y(b-a ) '  
b-a, Ya and yb 
Area f2 - represents the area with sides : 
. Y(b-a ) '  
(b-a), Ya 
and Yb 
The difference in area: 
f 
= fl1 -
f
2 = 
b aJ ( y  - Y )  dx 
The worst approximation of y in the boundaries from a to b 
is a straight line (g) between the points A and B. 
The worst difference area F would be 
b 
F = a} dx - ¼ (b-a ) (Yb - Ya ) 
Comparing the area f with the area F, the merit facto� is 
defined as 
where K = O, if no difference in area exists 
K · = 1 ,  approx�mation curve is equal to the 
straight· line 
The order of the figure of merit in this thesis is  based 
on the above relations. 
APPENDIX 2 
COMPUTER PROGRAM ( FORTRAN)  
88 
PART I · - -
APPROXIMATION Q! MAGNETIZATION CHARACTERISTIC 
� THIRD DEGREE POLYNOMIAL 
REAL NN, I I , LI , LA 
DIMENSION A (20) , R(4) , B (lO) , X(lO) , PROD (lO) 
00 2 I=l , 10 
2 READ (11 , 1) B (I) , X(I) 
1 FORMAT (2Fl0. 3) 
WRITE (12 , 101) 
101 FORMAT (lHl ,lHO ,  7X, 27H DATA POINTS FOR B-H CURVE. ) 
WRITE (12 , 102) 
102 FORMAT (1H0 , 13X , 4HB(X) , 6X , 4HH(X) ) 
DO 19 KZ=l , 10 
19 WRITE(l2 , 21)  B (KZ) , X(KZ) 
21 FORMAT (lHO, llX, F? . 3 , 3X , F7 . 3) 
DO 20 KA=l , 10 
20 . X(KA)=ALOGlO(X(KA) ) 
DO 3 K=l , 10 
3 PROD (K) = B (K) *X(K) • •3 
SUM=O. 
DO 4 L=l , 10 
4 SUM=SUM&PROD(L) 
R (l)=SUM 
DO 5 M=l , 10 
5 PROD(M)=B(M) *X(M) * *2 
SUM=O . 
00 .6 JA=l , 10 
6 SUM=SUM&PROD(JA) 
R (2 )=SUM 
DO ? LB=l , 10 . 
7 PROD(LB) =B(LB) *X (LB) 
SUM=0 . 
00 8 JB=l , 10 
8 SUM=SUM&PRQD{ JB) 
R (3) =SUM 
00 9 LC=l , 10 
9 PRO D(LC ) =B (LC ) 
SUM=O . 
DO 10 JC=l , 10 
10 SUM=SUM&PR0D (JC)  
R (4):SUM 
SUM=O. 
DO 11 JD=l , 10 
89 
11 SUM=SUM&X( JD) • •6 
A (l)=SUM 
SUM=O . 
DO 12 JE=l , 10 
12 SUM=SUM&X ( JE) • •5 
A (5)=SUM 
SUM=O . 
00 · 13 JF=l , 10 
13 SUM=SUM&X( JF) • •4 
A(9 ) =SUM 
SUM=O . 
DO 14 JG=l , 10 
14 SUM=SUM&X( JG) • •3 
A ( l3 ) =SUM 
A (2)=A(5) 
A (6)=A (9) 
A(l0)=k{13) 
SUM=O . 
DO 15 LD=l , 10 
15 SUM=SUM&X( LD) * *2 
· A { l4):SUM 
SUM=O . 
DO 16 LE=l , 10 
16 · SUM=SUM&X( LE) 
A (l5 ) =SUM 
A (ll) =A (l4) 
A (l2)=A (l5) 
A (4)=A (l0) 
A (?)=A ( l3 )  
A (8)=A( ll) 
A (3)=A (9)  
A ( l6)=10 .  
M=4· 
N=l 
EPS=0 . 0000002 
CALL GELG ( R , A , M , N , EPS , IER) 
WRITE ( 12 , 103) 
103 FORMAT ( lHO , 5X,  40H CALCULATED CONSTANTS OF THE 
- POLYNOMIAL . ) 
WRITE (i2 , 104) 
104 FORMAT ( lHO , 13X ,  4HR ( l ) , 6X, 4HR ( 2 ) ,  6X,  4HR ( 3 ) ,  6X, 
4HR(4) )  
WRITE ( 12 , 1?)  R 
17 FORMAT ( lHO , ?X, 4Fl0 . 4) 
WRITE ( 12 , 121) 
121 FORMAT ( lHl , lHO , SX , .40H ERROR IN SOLVING S IMULTANEOUS 
EQUATIONS) 
WRITE ( l2 , 18 ) IER 
18 FORMAT (lHO ,  lOX ,  4HIER= , ·  I5) 
90 
Definition of terms used in the above program: 
91 
A(l ) --A(l6 ) represent the terms of the 4 x 4 matrix 
being the coefficients of the simul­
taneous equations shown in equation ( 25). 
R(l ), R.(2), R (3), R (4) represent a 4 x 1 matrix of the constants 
on the left hand side of equations 
( 21) - (24).  
R on return from the scientific sub­
routine "GELG" contains the solution of 
the equation. 
GELG a scientific sub-routine used to solve 
a system of general linear simultaneous 
equation by the method of gaussian 
elimination. 
EPS an input constant which is used as a 
relative tolerance for test on loss of 
significance. 
IER · resulting error parameter coded in 
solving the system of simultaneous 
equation. 
= 0 denotes no error. 
PART II - -
RECONSTRUCTION OF MAGNETIZATION CURVE 
150 CONTINUE 
READ ( 11 , 71 )  XX , DALX 
71 FORMAT { 2F10.3)  
WRITE ( 12 , 122) 
122 FORMAT {lHO , 5X, 25H CURVE PLOTTING VARIABLES ) 
WRITE ( 12 , 123 ) 
123 FORMAT { lHO ,  14X ,  2HXX , 6X ,  4HDALX ) 
WRITE ( 12 ,  72 ) XX , DALX 
72 FORMAT ( lHO ,  lOX, 3X , F4 . 2 ,  5X , F4.2 ) 
WRITE ( 12 , 105 ) 
105 FORMAT ( lHl ,  5X, 32H CALCULATED POINTS ON THE CURVE . ) 
WRITE ( 12 , 106 ) 
106 FORMAT (1H0 , 12X,  7HH( CAL.) , 6X ,  7HB(CAL . ) ) 
DO 73 I=l , 3  
DO 74 J=l , 9  
AA=ALOGlO ( XX )  
Y=R (l ) * (AA ) * *3&R (2 ) * (AA ) * *2&R (3) * {AA )&R(4) 
WRITE ( 12 , 76 ) XX, Y  
76 FORMAT (lHO ,  12X , F8. 3 ,  5X, F8 . 3 ) 
74 XX=XX&DALX 
73 DALX=lO . O * DALX 
Definition of terms � in !.!!!, above program :  
= curve plotting variable whic h is  either 0.1 
92 
xx 
( input) or 1 . 0  depending on the type of data points of 
the experimental magnetization characteristic 
to be approximated . 
. Dalx 
xx 
( output) 
y 
AA 
= ·curve plotting variable incremen t which in 
turn depends - on xx and for the set of graphs. 
plotted is either 0 . 1  or 1 . 0 . · 
= calculated values of H 
= calculated values of B 
= ( log H .  ) 
1 ·  
PART III - -
DETERMINATION OF MAGNETIC FLUX DENSITY IN A CORE 
WITH AN AIR GAPWHEN THE TO�EXCITATIONIS iafc5wN -- - - - -- - ----- - --
160 CONTINUE 
C TO DETERMINE VALUE OF NI FOR AIR-GAP OF MAGNETIC CORE 
READ (11 , 24) II , NN , LI , LA 
24 FORMAT (5X , F5. 3 , Fl0. 1 ,  FlO. l , Fl0. 6 )  
WRITE (12 , 107 ) 
10? FORMAT (1Hl , 1H0 , 20X,  llH CORE DATA. ) 
WRITE (12 , 108 ) 
108 FORMAT (14X , 2HLI , 8X , 2HLA, 8X, lHI, lOX , lHN ) 
WRITE (12 , 25 )  LI , LA , II , NN 
25 FORMAT (lHO , lOX , F6. 3 ,  5X , F7. 3 ,  3X , F4. 1 ,  7X , F5.0 ) 
WRITE (12 , 109 ) . 
109 FORMAT (lHO , lHO,  iox ,  20H CALCULATED RESULTS. ) 
WRITE (12 , 110 ) 
96 
110 FORMAT (lHO ,  lOX , 2HNI, 12X , lHX, llX ,4HB(I ) , lOX , 5HNI(I ) , . 
8X , 5HNI (A) ) 
WRITE (12 , 125 ) 
125 FORMAT (lH , 6X , 11H AMP. TURNS , 5X ,4H N0 . , 9X , 11H WEBER/SQ. M. 
3X , 10H A lMP. TURNS , 6X , lOH AMP . TURNS ) 
TNI=NN*II 
XP=l. l 
DELX:1. 0 
DO 50 J=l ,4  
DELX=DELX/10. 
80 XP=XP-DELX 
IF (XP ) 45 ,45 , 26 
26 VHI=XP *NN *II/LI 
C ABOVE HI IS IN AMP-TURNS/M WHICH IS CONVERTED TO OERSTEDS 
HI:VHI/79. 58 
AA=ALOGlO(HI )  
BI=R (l ) * { AA) * *3&R(2 ) * ( AA) * *2&R (3 ) * (AA)&R (4) 
C BI COMPUTED ABOVE IS, IN KGAUSS WHICH IS CONVERTED TO 
- WEBER/SQ. M. 
BI=BI/10. . 
C SINCE 1 KILOGA USS=l/10. · WEBER/SQ. M 
BA=BI 
U0:12 . 568 • (10. • • (-7 ) )  
HA:BA/UO 
CNI=VHI *LI&HA *LA 
ANI=HA*LA 
IF (CNI-TNI) 70 , 90 , 80 
70 XP:XP&DELX 
GO TO 50 
45 XP:DELX 
GO TO 50 
50 · CONTINUE 
90 WRITE ( 12 , 84) TNI , XP , BI , VHI , ANI 
97 
84 FORMAT ( lHO, 5X , F8. l ,  6x ,  F7 . 3 ,  5x , F9 . 3 , 8X , F8. 3 , 4X , Fl0. 3 )  
END 
Definition of terms � i!!_ lli above program : 
I I  
NN 
TNI 
XP 
VHI 
AHI 
CNI 
=I ( amperes ) 
=N ( turns ) 
=NI ( total ampere-turns) 
=X { nuinber r 
=Hi ( ampere-turns/meter ) 
=H. l ( ampere-turns ) 
a a 
